A low cost clinical exercise system was developed for the spinal cord injured, based on a bicycle ergometer and electrical stimulation. A pilot project was conducted, using the system, to examine the effects of stimulation induced cycling in long term paraplegics. The project comprised 2 phases of exercise, a strengthening phase involving a 12 week programme of electrical stimulation to the quadriceps and hamstrings and a 12 week cycling phase. Physiological, morphological and biochemical parameters were measured for each subject, at the beginning of the programme and following each phase. Results showed that a programme of stimulation induced lower limb exercise increased the exercise tolerance of all patients, as determined by a progressive increase in exercise time, cycling rate and exercise load. The enhanced exercise tolerance was a result of increases in local muscle strength and endurance. Increases in thigh muscle area and joint range of motion were recorded and all incomplete subjects reported an improvement in functional capabilities and general wellbeing.
Introduction
Following a spinal cord injury rapid de generative changes occur to the body as a result of the associated immobilisation and inactivity. These changes may lead to such long term health problems as cardiovascular disease, thrombosis and pressure sores. 1 Functional electrical stimulation (FES) has been used extensively to exercise the lower limbs of people with spinal cord injury to prevent such secondary complications.
Stimulation induced cycling, which com bines a reconditioning programme with functional movement, has been shown to increase muscle bulk and density, improve muscle strength and endurance and increase cardiovascular fitness. [2] [3] [4] [5] [6] [7] [8] [9] However many of the systems used in previous studies have been laboratory bound or expensive to produce. This paper documents the development of a low cost, clinical exercise system for the spinal injured based on a bicycle ergometer and portable electrical stimulation units. A pilot project was conducted, using the system, to exa mine the effects of stimulation induced cycling in long term paraplegics.
Exercise system
A Maximiser 3000 recumbent exercise cycle was purchased and modified for the project (Fig 1) . A wider seat with protective foam cushioning and a high moulded backrest were added. The angle of the backrest, height of the seat and distance to the pedals were made adjustable, with the backrest extendable to a horizontal position. Drop down handles were fitted to each side of the seat for lateral support and wooden feet, placed either end of the cycle frame, were added to improve stability.
A baseplate was attached to each pedal to enable the subject's foot to be strapped in. A stabilising bar, fixed to the pedal to support the lower limb in the saggital plane, limited ankle plantar/dorsiflexion and knee varus/valgus movement. Padding was at tached to all straps and the bar to prevent pressure areas. The original freewheel clutch was replaced by a fixed sprocket enabling the momentum of the flywheel to be transferred to the pedals, smoothing the energy demand on the user. A rotary shaft encoder was connected to the crank of the cycle via a toothed belt, and geared to emit 360 pulses for one revolution of the pedals. A microswitch and cam, mounted near and on the crank respectively, provided an absolute reference point. The pulse count was reset after each complete revolution of the crank. The pulse information from the encoder was sent to the serial port of an Epson Ax IBM compatible computer via a Microsoft mouse interface. A control pro gram, written in QuickBASIC, accumulated the shaft encoder pulses to determine crank angle. This angle was compared with the on/off sequences required for the stimula tion units in use, which were then activated accordingly. Eight channels of stimulation could be controlled simultaneously. Stimu lation was applied using commercially available dual channel Myocare portable stimu lators (Fig 2) . These units were pro grammed using a small Epson HX20 com puter to produce biphasic pulses 298 micro seconds in duration at a frequency of 35 Hz. The maximum amplitude was set at 81 mAo Selection of the stimulation parameters was based on the findings of previous investiga tors. The stimulation units were modi fied for remote switching, each channel operating independently. The stimulation was applied to the subject via surface electrodes. Switching of the stimulation channels was done using an 8 channel relay box connected to the parallel port of the computer. This read an 8 bit data word and latched the output relays, and therefore the channels, on and off as appropriate. The timing sequence for each stimulation chan nel was entered into the control program by the operator. Each subject's program could be saved, recalled and modified as needed. The software provided a real time display of cycling speed in rpm, duration of cycling, crank angle and stimulation activation. At the end of each cycling session total cycling time and maximum, minimum and average speeds were displayed.
Subject selection
To obtain subjects for the pilot project a survey was sent to a sample population of 173 spinal injured people, all at least one year post injury. From 70 survey responses 12 people were selected. Initial selection criteria included a spinal lesion between T6 and T12/Ll, 40 years of age or less and a willingness and motivation to participate in the program. A further selection process (Table I) reduced the sample size to 6.
The final group (Table II) consisted of 4 subjects with incomplete spinal injuries and 2 with complete. Two incomplete subjects with mixed motor neuron lesions (upper and lower) were included in the project. Subse quently one male subject with a complete injury withdrew from the programme for personal reasons.
Procedures and methods
The pilot project comprised 2 phases of exercise. The strengthening phase involved a 12 week programme of surface electrical stimulation of the quadriceps and hamstring muscle groups. Stimulation was achieved using a dual channel Myocare stimulation unit, and stimulation parameters mentioned previously. The stimulation pulse train alternated between the right and left legs, 8 seconds on and 10 seconds off, for a twenty minute period. This phasing produced ap proximately 45 muscle contractions. 6 • 9 The aim of the home-based strengthening phase was to familiarise the patients with the stimulation protocol and exercise routine, evoke preliminary increases in lower limb muscle strength and endurance and recondi tion joint mobility. The second or cycling phase, using the exercise system already described, com menced 2 weeks after the completion of the strengthening phase and also lasted 12 weeks. Existing EMG data on cycling was used to determine the timing sequence for each subject. l3, 14 The leg muscles were stimulated according to crank position and therefore the timing sequence was self correcting for different rotation velocities.
The programme was conducted 3 times a week for at most 20 minutes per day. When 20 minutes of continuous cycling at 50 rpm could be achieved by the subject, load was added in approximately 1 kgf increments. This was done using a calibrated bandbrake attached to the flywheel of the cycle. The speed of cycling was then set to what was most comfortable for the subject to main tain, without going below 50 rpm. The subject with a complete spinal injury could not cycle unaided and required the operator to assist when the speed of cycling slowed. Sessions for this subject were initially di vided into 5 minutes of cycling and 5 minutes of rest. The amount of cycling and the number of repetitions were then in creased to 20 minutes of total cycling time.
The daily cycling session ended pre maturely if (i) the subject was unable to (ii) an unnatural change in heart rate, ECG pattern, surface skin temperature or patient response occurred. Heart rate and surface skin temperature at the forearm, thigh, calf and hallux 1) were monitored at 2-minute intervals during each cycling session and blood pressure was measured prior to and at the completion of each session. A Hewlett Packard 78352A physiological monitor and Squirrel Tem perature Data Logger were used. Stimula tion electrodes were held in position during the cycling by tubular netting placed over the thigh (Fig 3) .
A number of physiological and morpholo gical variables were measured, prior to the project commencing (Table III) .
To determine midfemoral cross-sectional muscle area and muscle density single energy CT scans were taken using a Phillips Tomoscan 310 scanner. The midfemoral site was determined as half way between the superior aspect of the greater trochanter of [16] [17] [18] Projection of the CT scan images enabled the boundaries of total muscle, individual muscle compartments and adipose tissue to be visually defined, their perimeters digitised and cross sectional areas calculated using a computer based planimetric technique. The hamstring group was treated as a unit due to difficulty in defining individual muscles.
Muscle density was calculated from the CT scans using 2 methods. The first was based on a regression line of Hounsfield number against density, determined usin? data published by Woodard and White. 1 The second used a method developed by Henson et al20 in which animal fat and muscle samples placed on the skin during the scan provided a 2 point calibration of CT number versus density. Muscle densities were determined for selected sample areas within rectus femoris, vast us lateralis, vast us medialis and 3 areas within the hamstrings for both left and right thighs.
A strain gauged cantilever beam was used to measure stimulation induced quadriceps strength, under isometric conditions (Fig 4) . The action of sartorius, though small, could not be separated from the action of the quadriceps and was included in the measurement. The strain beam was at tached to a modified SALCO wheelchair and was firmly fixed across the tibial shaft. Three trials were performed at 3 stimulation amplitude levels (50, 75 and 90% of max imal output) and at 2 angles of extension (30 and 60 degrees), for both legs.21 A 10 second rest period separated each trial. The Figure 4 The strength measuring device.
stimulation induced endurance of the qua driceps, under isometric conditions, was also determined using the force measuring device. Again the action of sartorius was included. Time to fatigue was calculated as the time taken for a stimulation induced maximal contraction to drop to 50% of its output. 22 Two trials were performed at each stimulation level (75% and 90%) for both legs.
A standard neurological muscle chart of both legs was recorded by a trained physio therapist. This provided grade indication of neurological motor deficit, residual motor output, joint range of motion and the presence of joint contractures. Girth measurements, using an anthropometric tape, were made at the midfemoral and maximal calf sites. An average of 3 readings was used. Resting heart rate and blood pressure were measured using the Hewlett Packard physiological monitor. Measure ments of ischial and trochanteric contact pressure were recorded using a clinical pressure transducer, with the subject seated on a standard flat cushion. 23 Body weight was measured using balance chair scales. Urine samples were taken under fasting conditions to determine levels of urinary creatinine, an indicator of the amount of protein in the body. A blood sample was also taken to determine lipid profile. All tests were repeated following both the strengthening and cycling phases.
Analysis
Due to the small sample size and high inter-subject variability the patient results Clinical exercise system using FES 651 were assessed as individual case studies.24 Change in the parameters was determined using estimates of test repeatability measured before or during the programme or published by other investigators. Results obtained after the strengthening phase of the programme were not considered separ ately.
Results

Repeatability
Tests of repeatability were conducted on the strength, endurance and muscle cross sectional area measurements. Stimulation induced quadriceps strength displayed a repeatability of +/-2 Nm. This value was determined from the mean difference in torque following consecutive strength measurements for all subjects. The stimula tion induced endurance of the muscle varied by + / -10 seconds, calculated from the mean difference of the 2 trials conducted at each measurement session for all SUbjects. Muscle cross-sectional area, measured using CT, was found to have an error of + / -5%. This measure, obtained by digitising a known object in 10 different scans, repre sented a composite value of errors incurred during the CT scanning and digitising pro cedure. Others have reported a similar figure. 1 6 .18.25.2 6 Repeatability of density and girth measurements was obtained from work previously published. Ackland et al 27 reported a + / -5% difference between CT derived density values and directly measured mass density. The error was attributed to scan noise, patient movement and the transference of selected regions of interest across repeated scans. The repeat ability of girth measurements using an an thropometric tape was reported by Borms et al 2S to be +/-2 mm.
Case studies
Results for 7 of the parameters for the 5 subjects are presented in Table IV . Lipid profile, level of urinary creatinine, sitting contact pressures and resting heart rate and blood pressure showed no change over the course of the programme for any of the subjects and are not included. Exercise tolerance results, obtained from the cycling 
phase of the programme, are presented in Table V .
Discussion
The results of this study indicate that 24 weeks of stimulation induced exercise in creased the exercise tolerance of all 5 participating subjects. This agrees with the findings of previous investigations. 2, 6 , 7 , 9 ,2 9 A progressive increase in treatment time, cycling rate and exercise load was noted over the course of the programme. This increase was directly attributed to strength and endurance improvements at the local muscle level, as opposed to an increase in central cardiovascular performance. Local muscle fatigue always preceded central cardiovascular fatigue and exercise heart rate remained low in all subjects. Resting heart rate and blood pressure were not altered over the course of the programme.
Many authors have reported stimulation induced strength increases5 , 30-33 following electrical stimulation of atrophied muscle. Others have shown increases in muscle endurance. 6,9 , 2 9 .34,35 A number of these investigators have used an exercise cycle to elicit these changes. The stimulation induced strength and endurance measures in this study were subject to error and in some cases did not support the exercise tolerance findings. Only one subject demonstrated an increase in quadriceps strength after the programme while 3 subjects displayed increases in en durance. One subject could not be measured. The error was attributed to biological variability, equipment shortcom ings and variation in the placement of electrodes.
While the stimulation induced strength results were poor, an increase in the volun tary strength of 3 out of 4 incomplete subjects was demonstrated by the neuro logical muscle grading. In addition, the active joint range of motion of the knee or hip improved in 3 out of 4 subjects with incomplete injuries.
Total muscle area and individual muscle Following the programme all incomplete SCI subjects reported greater ease in trans ferring and dressing, an ability to stand and walk with stability and regularity, more effective use of the thigh muscles and general enhancement of functional abilities. As the FES programme progressed little or no muscle spasticity was recorded in the knee extension strength test, indicating a general reduction in muscle spasticity. This was subjectively reported by 2 of the parti cipating subjects and agrees with previous investigators. 34 , 3 9 ,40 Three of the 5 subjects expressed a desire to continue their participation in the FES programme beyond a research capacity, and as such have encouraged the transition of the exercise programme to the clinical en vironment and the development of a home unit.
The exercise system developed for the research programme was simple and could be operated by one person using commer cially available stimulation units. Future developments include a motor assist for patients incapable of cycling unaided, better control of exercise load and an improved pedal arrangement to prevent knee varus or valgus.
Conclusions
It has been demonstrated that an exercise programme comprising stimulation induced strengthening and cycling phases increased exercise tolerance, as determined by a progressive increase in treatment time, cyc ling rate and exercise load. As a result of electrical stimulation increases were found in voluntary muscle strength, stimulation induced muscle endurance, muscle cross sectional area, active joint range of motion and functional capabilities. No change was found in midfemoral muscle density. Prob lems were encountered in the measurement of some of the parameters, especially stimu lation induced muscle strength and density, which are to be addressed in future studies.
The exercise cycle demonstrated the feas ibility of providing spinal injured patients with an accepted aerobic exercise. Improve ments to the system will widen its use amongst the patient population and in a References clinical setting. Further developments are needed to produce a low cost home based unit.
